Extending over three Hubble Space Telescope (HST) cycles, the Hubble Frontier Fields (HFF) initiative constitutes the largest commitment ever of HST time to the exploration of the distant Universe via gravitational lensing by massive galaxy clusters. Here, we present models of the mass distribution in the six HFF cluster lenses, derived from a joint strong-and weak-lensing analysis anchored by a total of 88 multiple-image systems identified in existing HST data. The resulting maps of the projected mass distribution and of the gravitational magnification effectively calibrate the HFF clusters as gravitational telescopes. Allowing the computation of search areas in the source plane, these maps are provided to the community to facilitate the exploitation of forthcoming HFF data for quantitative studies of the gravitationally lensed population of background galaxies. Our models of the gravitational magnification afforded by the HFF clusters allow us to quantify the lensing-induced boost in sensitivity over blank-field observations and predict that galaxies at z > 10 and as faint as m(AB) = 32 will be detectable, up to 2 mag fainter than the limit of the Hubble Ultra Deep Field.
G R AV I TAT I O NA L L E N S I N G
At the end of the 1980s, the discovery of giant luminous arcs in clusters of galaxies (e.g. Soucail et al. 1988 ) and the realization that they can be explained by gravitational lensing (the bending of light by massive foreground mass concentrations) opened a new and powerful route to studying the distant Universe. Gravitational lensing can be understood as a geometrical mapping of the source plane on to the image plane, a mapping that depends on the surface mass distribution in the deflector and on the angular-diameter dis-E-mail: johan.richard@univ-lyon1.fr tances between the observer and the source, and the lens and the source, respectively (see the review by Kneib & Natarajan 2011) . For extreme mass concentrations, the mapping is non-linear, producing magnified and highly distorted multiple images of a single background source. Such multiple images have been successfully exploited since the early 1990s (e.g. Kneib et al. 1996) to constrain the detailed mass distribution in cluster cores as well as to probe the mass distributions of samples of X-ray-selected clusters out to the virial radius (e.g. Smith et al. 2005; Ebeling et al. 2009; Richard et al. 2010b; Zitrin et al. 2012) . Importantly, lensing also enables the study of distant background galaxies that would be unobservable without the magnification provided by the cluster lens (e.g. Ellis et al. 2001 ; Kneib et al. 2004 ; Richard et al. 2008; 1 All six HFF clusters have previously been targeted with HST. These observations were instrumental in the selection of the respective clusters for the HFF project as highly efficient gravitational lenses. Unlike A370, the first cluster lens to be discovered (Soucail et al. 1988; Richard et al. 2010a ), most of the remaining HFF targets are much more recent discoveries made by the Massive Cluster Survey (MACS, Ebeling, Edge & Henry 2001) . As a result, many of the existing HST observations of these fields were obtained only in the past few years and could thus take advantage of HST's current state-of-the-art instruments. Further details are provided in Table A1 which lists all imaging observations performed with broad-band filters on ACS and WFC3. Fig. 1 shows the outlines of the area targeted by the planned HFF observations overlaid on the existing HST imaging data. Note that, in all cases, the blank flanking fields fall outside the area covered by the existing data; hence, the gravitational magnification induced at the location of the flanking fields by either the clusters themselves, or by large-scale structure in their immediate vicinity, can presently not be constrained with HST data.
S T RO N G -L E N S I N G F E AT U R E S

Identifications
We now review, for each cluster, the associations of multiple images found in these HST images prior to HFF observations and used to constrain the strong-lensing models (see Section 4). We adopt the term 'system' for a set of multiple images arising from the same source, and the notation XY to describe image Y of system X (see Tables 1-6 and Figs 1-8 for each cluster in turn). We build our identification of multiple systems from earlier published lists of multiple images (identified either by our own or by other groups).
For clusters having such a large number of constraints, our parametric analysis is quite sensitive to wrong identifications: we therefore added iteratively new systems and used the current model to predict additional counter-images. In a few cases, where the identification was ambiguous between multiple candidates, these counter-images were not added as constraints.
Abell 2744
An earlier strong-lensing analysis of this cluster was previously published by Merten et al. (2011) , who identified 11 systems and Overlaid in blue (red) are the apertures of the planned, deep HFF observations with ACS (WFC3). In all cases, the parallel flanking fields -which fall well outside the depicted area -have not been previously imaged with HST. The images shown are trimmed to the regions in which data in at least two filters are available whose central wavelengths differ by at least 150 Å, thus providing colour information suitable for the identification of multiple-image systems. a total of 34 images. We build from these 11 systems and identify seven additional, convincing systems of multiple images (Fig. 3 ), leading to a total of 55 images. The majority of these new systems are located around the core of the cluster, but three new systems are identified around several sub-clumps (galaxy-scale) groups close to the north and north-west limits of the ACS coverage (Fig. 2) . These sub-clumps were identified as 'N' and 'NW', respectively, in Merten et al. (2011) .
Compared to Merten et al. (2011) , we removed image 8.3 from our list of constraints, as its colours and location do not match well for a multiple system (in particular, the geometry should be similar to system 3). In addition, we do not find any convincing counterimage (third image of a triple 'fold' configuration) for systems 14, 15, and 18. Zitrin et al. (2013) presented a strong-lensing model with 23 systems identified in this cluster in the new CLASH (Postman et al. 2012) data, producing in total 70 images. Due to the very elongated nature of the cluster mass distribution (Fig. 4) , all systems appear as triply imaged configurations. Among the total list of 23 systems, 10 systems and 36 images were considered by Zitrin et al. (2013) as less robust candidate multiple images.
MACS J0416
We have built from this list of strong-lensing features and selected only the most robust systems and a few candidate systems showing clear counter-images based on our preliminary strong-lensing analysis (Table 2) . New spectroscopic information (see Section 3.2.2) was also incorporated to help with this selection. In total, our final list contains 17 systems and 47 images. We do not identify a reliable (unambiguous) third image for systems 5, 8, 9, and 12.
MACS J0717
The set of multiply imaged systems used in the analysis of MACS J0717 mainly follows the one described in Limousin et al. (2012) , with a few exceptions that we discuss here. The location of image 1.5 has been revisited, following Medezinski et al. (2014) . System 2 has been removed from the analysis, after discussion between the different teams, given its faintness.
In addition, we added new spectroscopic redshifts measurements, in agreement with our previous estimates, obtained by the GLASS survey (Schmidt et al. 2014 ) for three multiple systems (4, 6, and 12). North is up and east is left. Shown in red is the critical line at z = 7, in green the enclosing region where we expect multiple images at z = 7, and blue circles mark the location of multiple images used as constraints in the modelling. Thin white lines delineate the regions shown in more detail in Fig. 3 .
Finally, Vanzella et al. (2014) recently measured a spectroscopic redshift z = 6.4 for two galaxies which we confirm to be multiply imaged with three images identified based on the mass model. We add this new constraint as system 19.
MACS J1149
The set of multiply imaged systems used in the analysis of MACS J1149 is based on the one presented by Smith et al. (2009) , with the addition of six new systems as proposed by Zitrin et al. (2011) : systems 5, 6, 7, 8, 13, and 14.
Abell S1063
We identify in this cluster 14 multiply imaged systems, all in a configuration of three images except for system 6 which shows as a quad (Boone et al. 2013) . The robustness of these systems has been checked with a dedicated spectroscopic follow-up (Section 3.2.5). While this paper was being written, Monna et al. (2014) presented their own identifications, partially overlapping with our own list: we identify four additional systems and they identified two additional candidate systems which appear much fainter and less robust. In total, our list comprises 41 images of the 14 systems, as we do not find an unambiguous counterpart for systems 10 and 12. Table 1 are labelled.
Abell 370
Our strong-lensing analysis builds from the work published in Richard et al. (2010a) , where we identified nine multiply imaged systems (as well as a faint radial arc, system 10). New HST/WFC3 images have been taken since this publication and allowed us to identify two additional systems. In total, we use 11 systems producing 34 images (Table 6) .
Spectroscopy of strong-lensing features
Whenever possible, we use spectroscopic redshifts of multiply imaged systems to constrain the lens model. This information is important since the source redshifts are degenerate with the absolute values of the model parameters characterizing the mass distribution. All our models are anchored by spectroscopic redshifts for two to eight different multiple-image systems. We use spectroscopic redshifts from the literature, results shared among the different HFF mass modelling groups, and values obtained by us as part of dedicated spectroscopic follow-up observations. In the latter case, we provide below the details of the observations, data reduction, and analysis of these spectra.
A2744
We targeted the core of this cluster as part of our VLT/FOcal Reducer and low dispersion Spectrograph (FORS2) spectroscopic followup of submillimeter sources from the Herschel Lensing Survey (Egami et al. 2010) . 10 multiple-image systems were observed in Multi-Object Spectroscopy (MOS) mode for a total of 2 h exposure time during the night of 2011 September 3 (ESO programme 087.B-0560(A), PI: Richard). We used a slit width of 1 arcsec, the GRIS_300V grism and the GG345 filter to cover the wavelength range from 4300 to 9200 Å, albeit at low resolution (R ∼ 500-1000) and a dispersion of 2 Å pixel −1 . Of the strongly lensed sources targeted, redshifts could be secured for image A2744-4.3 at z = 3.58, through strong Lyman α emission (Fig. 9 ), in agreement with the photometric redshift of z = 3.5 ± 0.3 reported by Merten et al. (2011) . The spectrum of object 6.1 was found to feature a single narrow emission line at 5760 Å on top of a very blue continuum. The absence of other emission lines in the wavelength range covered agrees with C III] at z = 2.019, which is compatible with our prediction based on a preliminary lens model.
MACS J0416
We use spectroscopic redshifts for seven systems in MACS J0416.1−2403 (systems 2, 3, 7, 10, 13, 14, and 17) obtained as part of VLT programme 186.A-0798 (Balestra et al., in preparation; Grillo et al. 2014) , and shared among the different HFF mass modelling groups. We also include spectroscopic redshifts for system 1, published by our group in Christensen et al. (2012) .
MACS J0717
Since the analysis by Limousin et al. (2012) , which presents our earlier observations on arc spectroscopy, one new spectroscopic redshift z = 6.4 has been measured for system 19, as described previously. We use spectroscopic redshifts for six systems in total (systems 1, 3, 13, 14, 15, and 19) , ranging from z = 1.850 to 6.4.
MACS J1149
Since the analysis by Smith et al. (2009) , no new spectroscopic redshifts have been measured in MACS J1149. We use spectroscopic redshifts for three systems (systems 1 to 3) at z = 1.490, 1.894, and 2.497. We refer to Smith et al. (2009) for details regarding arc spectroscopy. 
AS1063
We have obtained spectroscopy of images 1.1 and 1.2 using multiobject spectroscopy with Magellan/LDSS3 on the night of 2009 October 11. We used LDSS3 with 1.0 arcsec-width slits and the VPH-All grism, which altogether provide a resolution of 650 and a dispersion of 1.9 Å pixel −1 while covering the wavelength range 3800-9900 Å. The seeing was good (0.7-0.9 arcsec) during the 5.4 ks total exposure time of these observations. The LDSS3 spectra were calibrated, combined and extracted using standard IRAF and IDL routines. Both images AS1063-1.1 and 1.2 show a strong emission line at wavelength 8307 Å and other fainter emission lines, compatible with [O II] and [Ne III] at a spectroscopic redshift z = 1.229 ± 0.005.
Additional spectroscopy was obtained on VLT/FORS2 the night of 2013 August 21, as part of the ESO programme 291.A-5027 (PI:Richard). We designed a multislit spectroscopic mask covering images 2. 1, 3.1, 4.3, 6.2, 6.3, 6 .4 in the strong-lensing region and we obtained 4.5 ks of exposure time under bright time but good seeing conditions (0.8-0.9 arcsec). We used the 600z grism, OG590 order filter and 1.0 arcsec-wide slits to cover the wavelength range 7200-9800 Å at a resolution ∼1500-1900 and a dispersion 1.6 Å pixel −1 . The FORS2 spectra were reduced using version 4.9.11 of the FORS2 data reduction software, and combined using standard IRAF and IDL routines. Both 2D and extracted spectra were visually inspected for faint emission lines and traces of continuum.
We identified a clear emission line doublet (also visible in single exposures) for images AS1063-2.1, 3.1, and 4.3, corresponding to [O II] nebular line at z = 1.429, 1.398, and 1.260, respectively (Fig. 9 ). All three slits covering system 6 (AS1063-6.2, 6.3, and 6.4) show an identical spectrum with a strong asymmetric emission line peaking at λ = 8642 Å, which is the signature of Lyman α emission at z = 6.107 (Fig. 9 ). This confirms both the association of the three images as well as the high-redshift nature of this source (see also Boone et al. 2013) . All the redshifts measured in this cluster are in perfect agreement with estimations from a preliminary model of the mass distribution.
Abell 370
We targeted the core of this cluster in a VLT/FORS2 spectroscopic programme meant to estimate cosmological parameters from strongly lensed features (Jullo et al. 2010) . Nine multiply imaged systems were observed in MOS mode during a total of 7.5 h exposure time in the nights between 2011 September 22 and 26 (ESO programme 087.A-0326(A), PI: Jullo). We have used 1 arcsec-width slits with the GRIS300V grism (2.5 h exposure time) to search for Ly α emission or other UV features, and the GRIS600z grism and OG590 filter (5 h exposure time) to detect objects in the redshift range 1 < z < 2. The dispersion per pixel is 1.63 Å in the red, and 3.3 Å in the blue. Among the strongly lensed sources targeted, we were able to measure the redshifts of image A370-6.3 at z = 1.063, through a clear detection of the [O II] doublet. We also detect faint emission lines for image 3.1 and 3.2, which would correspond to [O II] and [Ne III] at z = 1.421, and a faint emission line for image 4.1 at z = 1.275 with the blue grism. The redshifts measured for systems 4 and 6 agree with the lens model predictions. However, the redshift of system 3 gives a very large χ 2 to this system. Therefore, we preferred not to use the two most uncertain redshifts (systems 3 and 4) as constraints in our lens model (Table 6 ). Additional follow-up spectroscopy would help us confirm these two redshifts.
Weak-lensing constraints
The background galaxy catalogues for the six clusters were derived following the method presented in (Jauzac et al. 2012, hereafter J12) . Therefore, we here give a brief summary of the different steps.
The weak-lensing analysis is based on shape measurements in the ACS/F814W band. Following a method developed for the analysis of data obtained for the COSMOS survey, and described in (Leauthaud et al. 2007 , hereafter L07), the SEXTRACTOR photometry package (Bertin & Arnouts 1996) is used for the detection of the sources, using the 'Hot-Cold' method (Rix et al. 2004; L07) . This detection configuration combines an optimal detection of the brightest objects (cold step), and of the faintest ones (hot step). The resulting catalogue is then cleaned by removing spurious, duplicate detections, and any sources in the vicinity of stars or saturated pixels. The star-galaxy classification is performed using a standard MAG AUTO-MU MAX plane selection (see L07 & J12 for more details). Finally, to overcome the pattern-dependent correlations introduced by the drizzling process between neighbouring pixels, which artificially reduce the noise level of co-added drizzled images, we apply the remedy used by L07: simply scaling up the noise level in each pixel by the same constant F A ≈ 0.316, defined by Casertano et al. (2000) .
Since only galaxies behind the clusters are gravitationally lensed, the presence of cluster members dilutes the observed shear and reduces the significance of all quantities derived from it (see J12 for a more detailed discussion). Therefore, the identification and the removal of the contaminating unlensed galaxies is crucial. Thanks to the existing HST data for all six clusters, a minimum of two colours is available for each of them. Therefore, following the methodology described in J12, we used the existing spectroscopic and photometric redshifts (Owers et al. 2011; Ebeling, Ma & Barrett 2014) to calibrate a colour-colour selection to identify the foreground galaxies and cluster members (the combination of filters used for each cluster is given in Table 7 ).
The measure of galaxy shapes is done using the RRG method (Rhodes, Refregier & Groth 2000), which was developed for the analysis of data obtained from space, and is thus ideally suited for use with a small, diffraction-limited point spread function (PSF) as it decreases the noise on the shear estimators by correcting each moment of the PSF linearly, and only dividing them at the very end to compute an ellipticity. The last step of the weak-lensing catalogue construction consists of applying lensing cuts, i.e. to exclude galaxies whose shape parameters are ill-determined, and will thus increase the noise in the shear measurements more than add to the shear signal. More details can be found in J12. Finally, we assume the redshift distribution of Smail & Dickinson (1995) for the background galaxies with shear measurement. The final density of background galaxies we obtained for each clusters are given in Table 7 .
M E T H O D O L O G Y
We combine strong-lensing and weak-lensing constraints to model the mass distribution in each cluster. Following our successful strategy from previous lensing work (e.g. Limousin et al. 2007 Limousin et al. , 2012 Richard et al. 2010a,b) , we adopt a parametric model combining both large-scale (cluster or group size) mass clumps as well as galaxy-scale mass clumps. In the following, we describe the selection of cluster members across the ACS field of view, the choice of model parameters, and their optimization.
Galaxy catalogues
We create object catalogues for each HFF cluster using SEXTRACTOR (Bertin & Arnouts 1996) for the areas shown in Fig. 1, i .e. the region within which HST imaging data are available in at least three well separated passbands. Using the F606W images (F625W in the case of A370) as the primary detection band, we run SEXTRACTOR in dual-image mode on the images in each passband. The resulting catalogues are combined to create for each cluster a master catalogue of objects. Star-galaxy separation is performed by identifying stars in two separate parameter spaces, namely peak surface brightness versus flux, and half-light radius versus flux. We remove from our catalogues all stars and all spurious sources found either to feature a higher peak surface brightness or to be more compact than stars. To improve the robustness of this procedure (the small area covered by the existing HST images of the HFF contains very few stars for each individual field), we perform the star-galaxy separation on a combined object catalogue for all six fields.
The resulting catalogues of galaxies are then used to establish colour-colour cuts for the identification of likely cluster members. We examine the distribution of galaxies in both colour-magnitude diagrams and in colour-colour space (m F435W − m F606W versus m F606W − m F814W ), highlighting the loci of spectroscopically confirmed cluster members. We then define probable cluster members to be those galaxies that fall within 3σ of a linear model of the cluster red sequence in both the (m F606W − m F814W ) versus m F814W and the (m F435W − m F606W ) versus m F814W colour-magnitude diagrams. Fig. 10 shows the galaxies selected by this process as well as all spectroscopically confirmed cluster members. We compile the latter from various catalogues of spectroscopic redshifts: for A2744, we consult Owers et al. (2011) ; for MACS J0416, MACS J0717, and MACS J1149, we use the redshifts published by Ebeling et al. (2014) ; and for AS1063 and A370, we rely on spectroscopic redshifts compiled in the NASA Extragalactic Database. We also use redshifts obtained by Balestra et al. (2013, in preparation) for MACS J0416. As shown in Fig. 10 , the galaxies selected by the dual red-sequence criterion fall into a well-defined triangular region of (m F435W − m F606W ) versus (m F606W − m F814W ) colour-colour space. Galaxies featuring luminosities exceeding M F814W = 0.01 L * are included in our strong-lensing mass model as small-scale perturbers (see following section).
Model parametrization
Producing a magnification map involves solving the lens equation for light rays originating from distant sources and deflected by the massive foreground cluster. This is ultimately an inversion problem for which several sets of codes and approaches have been developed independently. Our collaboration uses LENSTOOL 2 (Jullo et al. 2007 ), an algorithm we developed collectively over the years. In this software, the cluster mass distribution can be described as a combination 2 Publically available on the dedicated web page of physically motivated mass components, both for the individual galaxies and the smoother, large-scale haloes.
As a basis function for our models, we adopt the dual pseudoisothermal elliptical mass distribution (dPIE, also known as truncated PIEMD), which corresponds to an isothermal profile with two characteristic radii: a core radius r core (producing a flattening of the mass distribution at the centre), and a cut radius r cut (producing a drop-off of the mass distribution on large scales). More details on the dPIE parametrization are given in Richard et al. (2009) and Limousin et al. (2012) .
This method has the advantage that the geometrical parameters of the galaxy-scale components (centre, ellipticity, orientation) can be directly related to the shape parameters measured from the light distribution of cluster galaxies in our photometric catalogue. In order to limit the number of free parameters in our model, we use the F814W band as the reference band for these shape measurements and determine the three other parameters of each galaxy's dPIE description (central velocity dispersion σ , core, and cut radii) from scaling relations based on the galaxy's luminosity L relative to L * . We set r * core = 0.15 kpc for all models, but optimize both σ * and r * At present, the prevailing modelling approach is to assign a smallscale dark matter clump to each cluster galaxy in our catalogue, and a large-scale dark matter clump to prominent concentrations of cluster galaxies. This technique has proven very reliable and provides results in mass distributions in reasonably good agreement with theoretical predictions from high-resolution cosmological Nbody simulations (Natarajan & Kneib 1997; Natarajan, De Lucia & Springel 2007) . This explicit one-to-one correspondence between mass and light is less accurate, however, in the outer regions of clusters where the galaxy distribution is sparser, and strong-lensing constraints are unavailable. The solution is to combine strong-lensing constraints near the cluster cores with a weak-lensing analysis on larger scales. 
Likelihoods definition
For each Frontier Field cluster, we optimize two parametric models: an SL (strong-lensing) model solely based on the strong-lensing constraints presented in Section 3.1, and an SL+WL model combining the strong-lensing constraints with a weak-lensing analysis, as described in Section 4.3. We proceed in two steps for each cluster: we start by creating an SL model, optimized in the image plane, and determine the parametrization (number of clumps and individual galaxies to be optimized). In this case, we used the following likelihood definition
where θ i is the estimated image position for system i, based on the barycentre of the multiple positions in the source plane.
We then use the same parametrization to optimize the SL+WL model, this time performing the optimization in the source plane which is less computing-time intensive. To this end, we define the total likelihood L = L SLsrc × L WL as the product of the strong-and the weak-lensing likelihoods. The strong-lensing likelihood in the source plane is, in turn, defined as the product of M systems of N i multiple-image likelihoods
where β ij are the source positions of the multiple images, and β i are the barycentre of these positions for system i. For each image, the positional uncertainty in the image-plane σ SL is multiplied by the amplification μ ij . We conduct this optimization in the source plane as the much more involved computations of an image-plane optimization would have unduly strained the available computing resources. We find that, for strong-lensing data sets only, sourceand image-plane optimizations yield similar reconstructions for the clusters studied in this work. Finally, the weak-lensing likelihood is defined as the product of the L weak-lensing source likelihoods
where | By adopting this two-step approach, we avoid the possibility of reaching a local minimum in the source-plane optimization: in the SL+WL model, group-and cluster-scale haloes are mainly optimized on large scales based on weak-lensing constraints, while their centre and shape parameters remain similar to those of the SL model.
R E S U LT S
Parametric model
The number of large-scale clumps included in each cluster was chosen to minimize the number of free parameters while reproducing the multiple-image sets to an accuracy of better than 0.8 arcsec. The number of large-scale clumps finally adopted for our models varies from 1 (for Abell S1063) to 5 (for Abell 2744 and MACS J0717). As shown in Section 3.1, Abell 2744 features a bimodal mass distribution on large scales, but also includes a number of group-scale structures at the edges of the ACS field of view. For the even more complex system MACS J0717, the distribution of cluster light shows peaks at the location of each large-scale clump (see the discussion in Limousin et al. 2012) .
In addition to these large-scale haloes, a few individual galaxies are explicitly included in our lens models, as their adopted properties have a strong influence on the location of nearby multiple-imaged systems. This is true for two galaxies in Abell 2744, two galaxies in Abell 370 (as already found by Richard et al. 2010a) , as well as for a massive foreground galaxy at z ∼ 0.1 in the field of MACS J0416 which does not follow the same scaling relations as the cluster members.
For each cluster, we describe the large-scale potentials (identified as DM1 to DM5), the aforementioned added galaxy-scale potentials (GAL1 and GAL2), and the scaling relations for cluster members, presented for a L * galaxy. The optimized source redshift for all multiple-image systems without spectroscopic redshift is summarized in the last column of Tables 1 to 6. The resulting parameters of the combined (SL+WL) models are summarized in Table 8 . The parameters of the combined models agree with those of the best-fitting SL models within the 2σ uncertainties; the resulting χ 2 values are very similar too. As expected, the most massive components detected by our weak-lensing analysis were thus already present in our SL parametrization.
Output maps and error estimation
The parametric models are adjusted with LENSTOOL in a Bayesian way, i.e. we probe their posterior probability density with a MCMC sampler (Jullo et al. 2007 ). This process allows us to easily and reliably estimate the errors on derived quantities such as the amplification maps and the mass maps. For each cluster, we use 200 randomly selected models to sample the posterior-probability distribution of each parameter.
High-resolution mass maps (integrated over the line of sight) were produced for each of these models, and then integrated as a function of the radial distance from their barycentre. The resulting average integrated mass and 1σ dispersion (computed over the 200 maps per cluster) are presented in Fig. 11 . All FF clusters are found to be very massive, reaching integrated masses at 500 kpc radius between 4 × 10 14 (for MACS J0416) and 10 15 M for the most massive cluster MACS J0717. At r < 100 kpc, all six mass profiles look very similar, the sole exception being the highly concentrated and fully relaxed system Abell S1063, whose brightest cluster galaxy is almost exactly centred within a single large-scale dark matter halo.
We applied the same procedure to create amplification maps and accompanying error maps in all six fields, assuming fiducial source redshifts of z = 1, 2, 4, and 9. Examples are shown in Fig. 12 . These maps can also be extrapolated to the locations of the blank fields for the benefit of the larger extragalactic community. Amplification maps at other source redshifts can be derived based on the convergence κ and shear γ maps before normalization by the geometrical distance ratio between the cluster and the source. For a given image position and source redshift, one can derive the magnification μ as follows:
where DLS and DS are the angular diameter distance between the lens and the source, and between the observer and the source, respectively. The best-fitting LENSTOOL models, mass maps, amplification maps, and relative errors, as well as the 200 convergence and shear maps for each cluster, are made publicly available on the Frontier Fields website http://archive.stsci.edu/prepds/frontier/lensmodels/.
It is worth mentioning that the relative errors computed from the MCMC samples are only statistical errors and do not include systematics due to the assumptions made in the models. In order to estimate the level of these systematics, we have performed three specific tests, where we re-optimized the six mass models under different assumptions: (a) we selected only 10 robust multiple systems per cluster, i.e. either spectroscopically confirmed and/or among the brightest systems in agreement with various lensing groups, as strong-lensing constraints; (b) we increased the error measurement on the shear values by 50 per cent; and (c) we increased by z = 0.5 the distribution assumed for background sources in the weaklensing constraints. By comparing the magnification maps at very high redshift, we observed an average variation in magnification within the ACS field of view by 0.1-0.35 mag for test (a), by 0.1 mag for test (b), and by 0.05-0.1 mag for test (c), depending on the complexity of the cluster model. As expected due to its strong influence on high magnification values, the robustness of multiple systems used as constraints produces the stronger systematics. This justifies the need for future comparison between the magnification maps produced by the different modelling teams on the same simulated cluster.
D I S C U S S I O N
One of the key goals of the Frontier Fields initiative is to improve the statistics on faint distant galaxies observed during the epoch of reionization. The expected extent of this improvement can be Table 8 . Best-fitting parameters of the mass components in each cluster for the models optimized with the combination of strong-lensing and weak-lensing constraints. From left to right: identification of potential (DM: cluster-scale dark matter halo, GAL: galaxy-scale halo, L * : scaling relation parameters for L * galaxy in cluster members), relative astrometric position of centre of potential, ellipticity, and position angle, core, and cut radii, velocity dispersion. assessed using our best models for each cluster, which yield the gravitational magnification for high-redshift galaxies in the central region covered by deep observations with both ACS and WFC3. In doing so, we adopt z = 7 as a reference source redshift, noting though that the change in magnification is typically very small between z = 7 and 10. A first estimate of the relative lensing efficiency of the six HFF clusters can be obtained by comparing their peak magnification values. These are reached close to the critical lines, which are shown in red in Figs 2-8. The solid angles over which magnifications of μ > 5 and μ > 10 are attained in each cluster range from 0.8 to 2.9 arcmin 2 and are summarized in Table 9 . While the largest areas with significant magnification are provided by MACS J0717, Abell 370, and Abell S1063, all FF clusters are similarly efficient lenses to within a factor of 2.
One shortcoming of peak magnification as a metric for measuring lensing efficiency is that it provides no information about image multiplicity, i.e. the frequency of the various lensing configurations (the creation of 1, 3, 5, or more images from a single source), which can vary from cluster to cluster. We therefore compute a second important cluster attribute, namely the sky area covered by multiple images in the image plane. This area is related to the number of multiple images expected to be found in each cluster. The sky area within which multiple images are observed encloses the critical line but has a more circular shape, covering between 1.5 and 4.2 arcmin 2 for the six HFF clusters (Table 9 ). Based on these figures, we expect to find multiple images of high-redshift sources across almost the entire solid angle (91 per cent) of the WFC3 pointing on MACS J0717. Again, Abell 370 and Abell S1063 show the second-and third-highest fraction of WFC3 solid angle conducive to multiple-image creation. The lower values for Abell 2744, MACS J0416, and MACS J1149 are caused by their higher elongation and orientation within the WFC3 footprint on the sky.
The combined effect of magnification and image multiplicity is best assessed in the source plane. To this end, we take advantage of LENSTOOL's capability to provide source-plane magnification maps based on, for a given source position, the most magnified image. Inverting the combined ACS+WFC3 aperture yields the Figure 11 . Total integrated mass as a function of the projected distance from the barycentre. Each colour-hatched region corresponds to the average and 1σ dispersion on the integrated mass in each FF cluster. The bottom panel shows a zoom over the 100 < r < 500 kpc region. Table 9 . Lensing efficiency of the HFF clusters using various metrics. From left to right: fraction of the area in the image plane amplified by μ > 5, by μ > 10, and covered by multiple images, and the surface area in the source plane magnified by μ > 3. All areas relate to the overlapping region with foreseen deep ACS and WFC3 observations. source-plane magnification maps shown in Fig. 13 , where the regions of highest magnification now clearly delineate the caustic lines. The strong variation in shape and surface area of these maps directly reflects the fraction of the respective HFF field that falls within the critical line. Indeed, the total surface area in the source plane above a given magnification factor is directly proportional to the unlensed comoving volume covered at high redshift with this magnification (Fig. 14) . As a result, Wong et al. (2012) proposed to use σ μ , the total surface area in the source plane above μ = 3, as a measurement of the efficiency of the lensing configuration to magnify high-redshift galaxies. These values are also reported in Table 9 . Finally, we use the recent estimates on the UV luminosity function at high redshift from Bouwens et al. (2014) to predict the number of high-redshift dropouts at z ∼ 7, z ∼ 9, and z ∼ 11 expected to be detected in the FF data, as a function of their observed (lensed) magnitude (Fig. 15) . We assume an unbiased selection over a redshift interval z = 1 centred on each redshift. The predictions at z ∼ 9 and z ∼ 11 use the fitting formula given by Bouwens et al. (2014) for the evolution of the Schechter (1976) parameters of the luminosity function at high redshift. The expected number counts at z ∼ 7 demonstrate the advantage provided by cluster lenses compared to a blank field of the same sky coverage. The significant increase of bright sources thanks to gravitational lensing causes a positive magnification bias at observed AB magnitudes < 27, owing to the steep slope of the bright end of the UV luminosity function (Maizy et al. 2010 ). This bright-end boost in the number counts exceeds a factor of 3 at mag < 26, which is the typical limit for spectroscopic follow-up with current 8-10m class telescopes. The effect is even stronger at z ∼ 9 and z ∼ 11 (Fig. 15) .
The above predictions have already been tested by the deep nearinfrared observations of the HFF cluster A2744, performed at the end of 2013. Although ACS observations of matching depth are still lacking, the first searches for high-redshift galaxies behind this cluster have independently identified 15 dropouts at z ∼ 6−7 down to an AB magnitude of J = 28 (Atek et al. 2014) , and 18 dropouts at z > 7 down to an AB magnitude H = 29 (Laporte et al. 2014; Zheng et al. 2014) . These numbers are slightly higher than the predictions for z ∼ 7 and z ∼ 9 dropouts in this cluster (∼10 sources per z = 1), due to either contamination of these dropout samples by lower redshift sources (including low-mass stars), or most likely cosmic variance between cluster fields.
In summary, we expect a total of ∼200 z = 7 dropouts, ∼70 z = 9 dropouts and 5-10 dropouts at z = 11 in the six HFF, per redshift interval z = 1, and down to an observed AB magnitude of 29. While the number of high-redshift galaxies detected to this magnitude limit is very similar to that found in blank fields, gravitational magnification, which reaches a factor of ∼1-3 mag in the central regions of the HFF images, is the only way to access dropouts at even fainter magnitudes, down to m(AB) = 30-32, 2 mag fainter than the limits of the Hubble Ultra Deep Field. It will also increase (by a factor of at least 3) the survey sensitivity for galaxies at the highest redshifts (up to z ∼ 11) at observed magnitudes m(AB) < 27.
We hope that the results of our efforts to calibrate the six HFF cluster lenses, described in this paper and made available to the community via the HFF website, will prove useful for the quantitative scientific exploitation of the HFF initiative and our quest to unravel the mysteries of the epoch of re-ionization.
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